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HIGHLIGHTS 


•  A  gas-tight  electrolyte  of  1.2  pm  for  SOFC  is  made  by  a  low-cost  inkjet  printer. 

•  Thin  layers  are  deposited  by  colloidal  inks  with  nanometric  powders. 

•  Multiple  printing  on  a  flexible  substrate  achieves  the  continuity  in  the  printing. 
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In  this  work,  we  present  how  a  low-cost  HP  Deskjet  1000  inkjet  printer  was  used  to  fabricate  a  1.2  pm 
thin,  dense  and  gas  tight  16  cm2  solid  oxide  fuel  cells  (SOFC)  electrolyte.  The  electrolyte  was  printed 
using  an  ink  made  of  highly  diluted  (<4  vol.%)  nanometric  yttria  stabilized  zirconia  (YSZ)  powders 
(50  nm  in  size)  in  an  aqueous  medium.  The  ink  was  designed  to  be  a  highly  dispersed,  long  term  stable 
colloidal  suspension,  with  optimal  printability  characteristics.  The  electrolyte  was  made  by  a  multiple 
printing  procedure,  which  ensures  coverage  of  the  several  flaws  occurring  in  a  single  printing  pass. 
Together  with  an  optimized  sintering  procedure  this  resulted  in  good  adhesion  and  densification  of  the 
electrolyte.  The  SOFC  exhibited  a  close-to-theoretical  open  circuit  voltage  and  a  remarkable  peak  power 
density  above  1.5  W  cm-2  at  800  °C. 


©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Additive  manufacturing  methods  are  of  great  importance  in 
modern  industry  and  inkjet  printing  of  inorganic  materials  by  use 
of  colloidal  suspensions  as  inks,  has  recently  been  spreading  in 
several  key  technologies  such  as  electronics  1],  sensors  [2  ,  energy 
devices  [3-6]  and  biomedical  applications  [7,8  .  Despite  that  inkjet 
printing  is  usually  considered  a  relatively  low  throughput  fabrica¬ 
tion  method  compared  to  other  printing  methods,  it  presents 
unique  advantages  in  terms  of  customizable  shapes  and  for  printing 
of  functional  layers.  Moreover,  it  is  ideal  for  the  fabrication  of  multi- 
component  2D  and  3D  architectures,  which  are  formed  additively 
drop  by  drop  and  layer  by  layer  [9].  A  technological  domain  in 
which  these  features  are  highly  desirable  is  the  solid  oxide  fuel  cell 
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(SOFC).  This  is  especially  relevant  for  the  planar  SOFC  design,  where 
the  multi-material  multilayers  used  in  the  components  are  well- 
interconnected  and  have  different  microstructural  features 
[10-12].  Moreover,  inkjet  printing  is  ideal  for  the  deposition  of 
layers  of  about  1  pm  in  thickness  13]  and  this  thickness  range  is 
valuable  for  the  fabrication  of  SOFC  electrolytes  14].  Among  the 
different  inkjet  printing  methods,  Drop  on  Demand  (DoD)  printing 
by  piezoelectric-  or  thermal-inkjet  printing,  has  been  used  to 
fabricate  SOFCs  and  SOFC  components  [10,15,16].  This  is  of  great 
commercial  interest  due  to  the  low-cost  and  high  availability  of 
such  equipment  on  the  market.  Moreover,  the  different  materials 
are  prepared  by  simple  chemistry  and  conventional  powder  tech¬ 
nology  methods,  where  the  inks  are  stabilized  in  water-/alcohol- 
based  suspensions  [13  . 

In  a  typical  planar  SOFC,  the  electrolyte  is  made  of  8  mol.% 
yttria-stabilized  zirconia  (8YSZ)  [17-19  deposited  on  a  tape  casted 
NiO/8YSZ  electrode  layer  on  top  of  a  NiO/3YSZ  support  layer  [20]. 
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Upon  printing  the  electrolyte,  the  electrode  and  the  support  layer 
can  be  either  a  green  material  (i.e.  the  ceramic  electrode  shaped  by 
the  organic  binder  before  the  firing)  or  a  consolidated  pre-sintered 
NiO/YSZ  substrate.  After  the  printing,  a  sintering  step  at  high 
temperatures,  usually  above  1200  °C  [21  ,  is  required  to  obtain  a 
dense  and  consolidated  YSZ  electrolyte  layer. 

High  density  of  the  electrolyte  is  a  critical  factor  for  the  SOFC 
operation.  The  presence  of  flaws,  pinholes  or  other  defects  can 
drastically  reduce  performance  of  the  SOFC  due  to  leaking  of  the 
fuel/oxidant  gases  through  the  electrolyte  to  the  electrodes  or  by 
increasing  resistance  to  oxygen  ion  diffusion  in  the  electrolyte. 

Several  studies  described  the  deposition  of  thin  YSZ  layers  for 
SOFC  anode  layers  using  laboratory  or  commercial  DoD  printers 
[10-12].  Although  these  studies  show  that  electrolytes  and  other 
components  can  be  manufactured  by  inkjet  printing,  only  a  few 
studies  report  SOFCs  with  functional  electrolytes  with  thicknesses 
of  about  1  pm.  Early  promising  results  were  obtained  by  Sukeshini 
and  Cummins,  who  printed  a  YSZ  electrolyte  of  about  10  pm  by 
multiple  printing  (up  to  12  layer-over-layer  depositions)  in  a  fully 
inkjet-printed  SOFC  [12  .  In  this  and  in  other  cases,  multiple 
printings  were  necessary  to  seal  the  electrolyte  to  achieve  accept¬ 
able  performance  and  leak  tightness  of  the  cells.  The  importance  of 
multiple  printing  was  also  recognized  by  Tomov  et  al.  who 
deposited  a  6  pm  thick  electrolyte  by  multiple  printing  (up  to  10 
printed  layers)  [10  .  Recently,  Li  et  al.  successfully  demonstrated 
that  a  1.5  pm  YSZ  electrolyte  layer  for  a  SOFC  could  be  printed  by  a 
single-layer  deposition  of  ink  containing  nanoparticles  in  large 
agglomerates  (between  0.2  and  5.5  pm)  using  a  low-cost  printer 
[16].  However,  the  resulting  SOFC  exhibited  low  power  density  and 
a  low  open  circuit  voltage  indicating  a  leaky  electrolyte. 

In  this  work,  we  describe  the  manufacturing  process  of  a  printed 
and  densified  thin  8YSZ  electrolyte  of  about  1  micron  thickness  and 
the  subsequent  electrochemical  test  results  of  a  full  anode- 
supported  cell  with  this  electrolyte.  The  electrolyte  was  printed 
onto  a  9  x  9  cm2  green  layer  of  NiO/8YSZ  anode  using  a  modified 
low-cost  DoD  thermal  printer,  starting  by  diluted  inks  of  nano¬ 
sized  8YSZ  particles  in  water  based  suspension.  To  the  best  of  our 
knowledge,  this  is  the  cells  with  the  largest  area  inkjet-printed 
electrolyte  reported  so  far. 

2.  Experimental 

2.1.  Ink  preparation 

Commercially  available  8YSZ  (8  mol.%  yttria,  TOSOH)  nano¬ 
metric  powder  was  used  for  the  fabrication  of  the  electrolyte  by 
inkjet  printing.  A  water  based  ink  was  formulated  by  suspending 
the  powders  in  a  mix  of  80  wt.%  water  and  20  wt.%  ethanol.  The 
powders  were  added  to  the  liquid  medium  at  two  concentrations: 
3.7  vol.%  (concentrated  ink)  and  0.9  vol.%  (dilute  ink)  of  YSZ.  Pol¬ 
yvinylpyrrolidone  (PVP),  dissolved  in  53%  weight  ratio  in  pure 
ethanol,  was  used  as  dispersant  and  added  into  the  YSZ  suspension 
at  ca.  8  mg  m~2  of  solid  surface  area.  All  constituents  were  then 
milled  in  a  rotational  mill  in  a  PET  flask  at  100  rpm  using  zirconia 
milling  balls  for  10  days.  The  particle  size  distribution  after  mixing 
was  measured  using  a  laser  particle  size  analyzer  (Beckman  Coulter, 
LS  13320). 

2.2.  Ink  characterization 

Rheological  measurements  were  carried  out  with  an  Anton  Paar 
rheometer  (MCR  302),  in  rotational  mode  and  at  a  constant  tem¬ 
perature  of  21  °C.  A  plate-plate  measuring  system  was  used  with  a 
diameter  of  50  mm  (PP50)  and  a  gap  distance  of  0.6  mm.  The  ex¬ 
periments  were  performed  using  three  steps  of  pre-treatment:  the 


first  one  at  0.1  s-1  for  1  min  followed  by  1  min  at  rest  (0  s^1  shear 
rate),  and  the  third  one  at  10  s-1  for  1  min.  Flow  curve  measure¬ 
ments  were  conducted  in  step  mode  using  60  steps  with  a  waiting 
time  of  10  s.  The  shear  rates  investigated  range  from  10  s-1  up  to 
1000  s-1,  in  the  up  ramp,  and  from  1000  s-1  to  10  s-1  in  the  down 
ramp. 

Ink  surface  tension  was  measured  using  a  bubble  pressure 
tensiometer  (BP  50,  Kriiss). 

The  printability  of  the  inks  was  assessed  by  determining  their  Z, 
Weber  (We),  and  Reynolds  (Re)  numbers,  graphically  combined  as 
report  by  Derby  [28,31  ,  and  defined  as: 


We 


v2  pa 

a 


Re  = V-B± 
V 


y  _  1  _  y/o.p.a  /o\ 

Oh~  7 7  1  J 

where  v  is  the  drop  velocity,  p  is  the  ink  viscosity,  a  is  the  surface 
tension,  p  is  the  density,  and  a  is  the  characteristic  length  [28  .  The 
parameter  a  is  typically  taken  as  the  diameter  of  the  printing 
nozzles  (20  pm).  The  We  and  Re  numbers  were  calculated  within 
the  typical  reported  range  of  values  for  the  drop  velocity 
(1-30  m  s"1)  [22]. 


2.3.  SOFC  fabrication 
2.3.1.  NiO/YSZ  substrates 

The  substrates  used  for  the  tested  SOFC  consisted  in  thin  NiO/ 
YSZ  functional  anode  layer  deposited  onto  a  thicker  NiO/YSZ  anode 
support.  The  ratio  between  Ni  and  YSZ  was  40/60  vol.%  both  for  the 
support  layer  and  the  active  electrode  layer  [23].  Zr02  stabilized 
with  8  mol.%  Y2O3  was  used  for  the  anode  layer  while  Zr02  stabi¬ 
lized  with  3  mol.%  Y2O3  was  used  for  the  support  layer.  The  layer 
produced  by  tape-casting  and  co-laminated  as  green  materials  at 
ca.  150  °C  [23  .  The  substrates  had  a  10-15  pm  thick  anode  of  Ni/ 
YSZ  cermet  laminated  to  a~300  pm  thick  Ni/YSZ  support  layer. 


2.3.2.  Electrolyte  layer  deposition  by  inkjet  printing 

A  commercially  available  printer  (HP  Deskjet  1000)  was  used  as 
a  printing  unit.  The  printer  was  modified  to  allow  a  range  of 
different  print  head/substrate  distances  and  to  print  on  thick  and 
stiff  substrates.  A  compatible  cartridge  (HP  301  black)  providing  a 
600  x  300  dpi  resolution  was  cleaned  to  remove  the  original  black 
ink  and  used  to  print  the  ceramic  ink.  The  YSZ  inks  were  inserted 
into  the  cartridge  manually  using  syringes.  Two  printing  pro¬ 
cedures  were  used  for  the  printing: 

•  “Single  Droplets”  printing  (SD),  consisting  in  printing  isolated 
droplets  using  a  square-chess-like  pattern,  it  was  aimed  to 
control  the  quality  of  the  single  droplet  or  presence  of  flaws  in 
the  DoD  printing; 

•  “Continuous  Printing”  (CP),  consisting  in  printing  droplets  one 
after  the  other  sequentially  in  lines,  it  was  used  to  print  a 
continuous  layer.  Additive  depositions  were  carried  out  on  the 
CP  pattern,  depositing  a  layer  on  top  of  the  other,  up  to  5  times. 

Waiting  time  of  around  15  s  between  each  print  was  necessary 
to  allow  the  solvent  in  the  ink  to  evaporate  and  the  print  to  dry. 
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2.3.3.  Firing  of  half-cell 

The  half-cell  consisting  of  the  support,  anode  and  electrolyte 
layers  was  subsequently  fired  in  air.  The  firing  consisted  in  a 
multistep  debinding  procedure  below  700  °C  for  48  h  in  total,  to 
remove  the  organic  materials  for  the  anode  and  anode  support 
substrate  [24].  The  simultaneous  sintering  of  the  anode  and  the 
printed  electrolyte  was  carried  out  in  several  different  conditions  in 
single-step  sintering  procedures,  with  sintering  temperature  be¬ 
tween  1000  and  1300  °C.  The  holding  times  at  the  sintering  tem¬ 
peratures  were  0.1,  2,  and  6  h.  Different  holding  times  were  used  to 
characterize  the  sintering  and  the  densification  of  the  electrolyte. 

2.3.4.  Deposition  of  the  cathode  layer 

Cathode  ink  was  deposited  by  screen  printing  onto  the  electro¬ 
lyte  side  of  the  sintered  half  cell  (anode  support/anode/electrolyte). 
The  cathode  ink  was  a  mix  of  LaojsSro^sMnOs^  (LSM)  and  YSZ 
(LSM/YSZ  =  50/50  vol.%).  The  printing  speed  used  was  60  mm  s-1, 
the  printing  gap  was  1  mm  and  the  squeegee  pressure  was  7  bar. 
The  printed  cathode  layers  were  then  sintered  at  1050  °C  for  2  h.  An 
LSM  cathode  contact  layer  was  then  screen  printed  on  top  of  the 
cathode  layer  using  the  same  printing  described  above  and  sintered 
at  1000  °C  for  5  h.  Further  detail  about  the  printing  and  the  cathode 
specifications  is  described  in  the  another  paper  25]. 

2.4.  Cell  tests 

2.4.1.  Gas  leak  testing 

The  leak  testing  system  used  in  this  study  works  by  sealing  a  cell 
of  5.3  x  5.3  cm2  in  area.  The  half-cells,  including  the  sintered  ink-jet 
printed  YSZ  electrolyte,  were  tested  before  cathode  deposition  over 
a  manifold  connected  to  a  vacuum  system.  In  the  test,  the  space 
beneath  the  cell  was  evacuated  and  the  pump  closed  off.  The  flow  of 
gas  into  the  system  was  measured  from  the  rate  of  pressure  in¬ 
crease,  measured  by  a  barometric  gauge.  The  test  returns  a 
measured  vacuum  leak  as  a  pressure  drop  slope,  which  was 
compared  with  a  fully  dense  reference.  Leak  measurements  were 
also  carried  out  by  monitoring  the  cell  voltage  during  electro¬ 
chemical  single  cell  testing  as  a  function  of  the  fuel  flow  rate,  and 
are  described  below. 

2.4.2.  Test  fixture 

The  electrochemical  tests  were  carried  out  using  an  alumina  test 
fixture  with  0.8  mm  and  2.1  mm  recessions  on  the  anode  and 
cathode  side,  respectively.  The  recessions  were  40  mm  wide  and 
40  mm  long.  The  cathode  side  was  contacted  using  a  custom  alumina 
flow-field  with  19  gas  channels  (1  mm  wide)  and  20  contact  ribs 
(1  mm  wide,  except  the  outermost  ribs  which  were  1.5  mm  wide) 
clad  with  gold  strip  current  collectors  and  fine  gold  meshes.  The 
anode  compartment  seal  was  made  using  a  thin  (0.08  or  0.1  mm)  Au 
foil  cut  into  a  frame  and  two  alumina  frames  were  placed  on  top  of 
the  cells  (on  the  cathode  side)  to  press  the  cell  down  onto  the  gold 
seal.  The  anode  contact  component  was  a  flat  Ni-mesh  resting  on  a 
Ni  flow  field  of  the  same  design  as  the  cathode  alumina  flow-field. 

2.4.3.  Electrochemical  measurements 

The  electrochemical  test  was  performed  in  a  FuelCon  test  rig. 
The  impedance  was  recorded  using  a  Solartron  1255B  unit  with 
amplitude  of  60  mA  (rms).  The  impedance  data  was  collected  from 
96.9  kHz  to  96.8  mHz  with  12  points  per  decade.  The  cell  voltage 
and  voltage  across  the  current  shunt  resistor  (reference  channel) 
were  compensated  (set  to  zero)  with  custom-built  electronic  cir¬ 
cuitry  in  order  to  maintain  maximum  resolution  of  the  Solartron 
unit.  I—V  curve  measurements  were  carried  out  using  current  steps 
with  variable  step  lengths  and  step  duration  of  10  s. 


3.  Results  and  discussion 

Previous  results  on  the  inkjet  printing  of  SOFC  electrolytes 
starting  from  colloidal  inks  have  shown  that  the  probability  of 
obtaining  dense  and  gas-tight  layers  is  greater  when  using  multiple 
printings  as  compared  with  single-pass  printings  10,15,16  .  The 
total  thickness  of  the  printed  layer  depends  on  several  factors,  such 
as  the  concentration  of  the  solid  load,  the  particle  size  distribution, 
as  well  as  the  number  of  printing  passes.  Ink  printability  and  wetting 
properties  of  the  ink  on  the  substrate  are  important  to  obtain  a  high 
green  density  of  the  deposited  layer  on  the  substrate  [26  .  Finally  the 
sintering  is  crucial  in  the  formation  of  the  final  dense  layer. 

3.1.  YSZ-ink  properties 

Colloidal  inks  suitable  for  inkjet  printing  have  to  meet  several 
key  requirements  [9,13  .  Some  important  parameters  associated  to 
the  solid  phase  in  the  ink  are  the  concentration  (volume  fraction)  of 
the  solid,  the  use  of  a  small  particle  size,  a  narrow  particle  size 
distribution,  and  good  dispersion  of  the  particles.  Other  parameters 
related  to  the  ink  are  suitable  rheological  behavior,  drying  prop¬ 
erties  and  surface  tension  of  the  liquid  media.  These  are  especially 
crucial  to  form  suitable  droplets  upon  ejection  as  well  as  to  obtain 
stable  printing  with  suitable  wetting  at  the  substrate  [27]. 

For  the  deposition  of  a  thin  layer,  nanometric  powders  are 
desirable  since,  when  the  droplet  is  deposited,  and  the  ink  is  dried, 
the  powders  form  a  thin  coating  of  packed  particles,  where  the 
thickness  is  a  result  of  particle  size  and  solid  concentration  in  the 
media.  These  two  parameters  are  also  fundamental  to  prevent 
clogging  in  the  nozzle.  Typical  solid  loading  concentrations  in 
colloidal  inks  for  inkjet  applications  are  below  10  vol.%  13].  The  YSZ 
inks  developed  for  this  work  had  solid  loadings  of  3.7  vol.% 
(20  wt.%)  and  0.9  vol.%  (6  wt.%).  The  dilution  in  these  inks  was  kept 
high  with  the  aim  to  produce  thin  layers.  Small  particles  are  ideal 
for  such  diluted  inks  and  small  particles  are  usually  easily  dispersed 
in  the  liquid  media.  Nanometric  YSZ  powders  with  average  particle 
size  of  ca.  50  nm  were  used.  However,  nanoparticles  tend  to 
agglomerate  and  to  prevent  this  PVP  was  used  to  obtain  well 
dispersed  and  stable  inks  [28].  A  slight  excess  of  PVP  was  used 
because  an  excess  of  a  polymeric  dispersant  may  cause  some 
flocculation  in  the  suspension,  which  tends  to  stabilize  the  ink 
rather  than  being  detrimental  due  to  the  low  solid  loading  of  the 
ink.  The  resulting  inks  were  found  to  exhibit  excellent  stability  and 
a  narrow  particle  size  distribution.  The  particle  size  distribution  for 


Fig.  1.  Particle  size  distribution  for  the  YSZ  ink  at  low  (3.7  vol.%)  and  high  dilution 
(0.9  vol.%)  after  milling  for  10  days  and  after  100  days  of  storage  (*  =  [29]). 
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the  YSZ-inks  was  measured  immediately  after  preparation,  after  10 
days  of  milling  and,  in  order  to  estimate  the  long  term  stability, 
after  100  days  of  storage  without  agitation.  Fig.  1  shows  the  typical 
particle  size  distribution  within  the  range  of  0.06  and  0.34  pm  with 
a  max  at  around  100  nm.  Such  nanometric  powders  exhibited  high 
stability  with  no  precipitation  and  preserving  the  same  distribution 
even  after  100  days  of  storage.  Moreover,  to  avoid  clogging  of  the 
print  head  nozzle  the  particle  size  should  preferably  be  less  than 
10%  of  the  nozzle  diameter,  while  the  optimal  value  has  been 
estimated  to  be  around  2%  [29].  The  HP-Deskjet  1000  has  a  nozzle 
diameter  of  around  20  pm  diameter  which  for  a  maximum  particle 
size  of  0.34  pm  corresponds  to  (0.34  pm/20  pm)  =  1.7%. 

The  rheology  of  the  inks  was  characterized  using  dynamic 
conditions.  Fig.  2  shows  the  flow  curves  for  the  two  inks  with  the 
correspondent  viscosity  curves  (the  inset).  Both  inks  exhibit  New¬ 
tonian  behavior  with  a  constant  viscosity  independent  of  the  shear 
rate  (inset).  The  viscosity  values  were  calculated  from  the  slope  of 
the  flow  curves.  The  values  obtained  were  4.28  mPa  s  for  the 
3.7  vol.%  ink  and  2.63  mPa  s  for  the  0.9  vol.%  ink. 

These  values  are  usually  considered  suitable  for  a  thermal  DoD 
inkjet  system  13  ].  The  surface  tension  of  the  ink  was  measured  using 
a  bubble  pressure  tensiometer  and  yielded  a  value  of  36  mN  m_1. 

A  range  of  the  parameters,  Z,  We,  and  Re  numbers  (defined  in 
Experimental  section)  yielding  optimal  printability  of  inks  has  been 
identified  in  literature.  For  Z,  Jang  et  al.  [30]  proposed  a  range  be¬ 
tween  4  and  14,  whereas  Derby  et  al.  [31  suggested  a  value  for  Z 


Fig.  3.  Weber-Reynolds  numbers  diagram  defining  the  regime  for  ink  properties  which 
ensure  good  printing  characteristics.  This  diagram  has  been  proposed  by  Derby  27]. 


Table  1 

Ink  properties. 


Ink 

Vol.% 

p  (mPa  s) 

a  (mN  m 

P  (g  cm  3) 

Z 

20  wt.% 

3.7 

4.28 

36.4 

1.14 

6.73 

6  wt.% 

0.9 

2.63 

36.2 

1.01 

10.28 

between  1  and  10.  Moreover,  Derby  proposed  the  We-Re  numbers 
diagram  to  illustrate  the  regime  of  printability  for  the  ink  proper¬ 
ties.  Such  a  diagram  is  displayed  in  Fig.  3  and  shows  that  the  We  and 
Re  values  calculated  for  the  two  developed  inks  are  within  the 
identified  printability  region.  The  properties  of  the  developed  inks 
are  summarized  in  Table  1. 


Fig.  4.  SEM  observations  of  the  YSZ  printings,  after  sintering  at  1300  °C  for  5  min.  (a) 
0.9  vol.%  ink  printed  as  single  droplets,  (b)  continuous  print  using  the  3.7  vol.%  ink,  (c) 
high  magnification  of  printing  flaw  shown  in  (b),  (d)  typical  defect  on  a  two  layer 
deposition. 
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3.2.  Inkjet  printing  and  sintering  of  the  YSZ  electrolyte 

The  use  of  a  low-cost  inkjet  process  for  the  fabrication  of  a 
continuous  layer  leads  to  formation  of  some  critical  flaws.  Partic¬ 
ularly,  since  each  single  layer  is  formed  drop  by  drop,  any  align¬ 
ment  errors  and/or  lack  of  deposition  (missing  drops)  during  the 
printing  create  discontinuity  in  the  layer.  Moreover,  extremely 
dilute  inks  can  lead  to  poor  packing  of  the  particles,  leaving  re¬ 
sidual  porosity  and  presence  of  pinholes  in  the  sintered  layer. 
Fig.  4a-d  shows  the  typical  flaws  observed  by  SEM  after  printing  of 
the  diluted  YSZ  inks;  Fig.  4a  shows  the  typical  alignment  of  the 
droplets  obtained  by  inkjet  of  the  highly  diluted  ink  (0.9  vol.%  of 
YSZ  loading)  after  sintering  at  1300  °C  for  6  h.  The  alignment  is 
crucial  for  the  formation  of  a  continuous  single  layer,  where  all  the 
droplets  forming  the  continuous  layer  have  to  be  placed  in  the 
desired  positions.  The  SEM  observations  on  the  layers  produced 
using  single  droplet  printing  (SD)  indicated  that,  although  the 
droplets  were  designed  in  an  ordered  pattern,  a  certain  misalign¬ 
ment  in  the  range  of  few  micrometers  occurred  for  some  of  the 
droplets  (see  white  squares  superimposed  in  Fig.  4a).  This  effect  is 
possibly  associated  with  the  lack  of  precision  in  the  mechanical 
movement  system.  Fig.  4b  shows  the  results  of  continuous  printing 
(CP)  of  a  single  layer  of  the  concentrated  (low  dilution)  ink.  This 
showed  evidence  of  missing  droplets  in  several  areas  of  various 
sizes  and  shapes.  Particularly,  several  large  circular  regions  of 
around  100  pm  in  diameter  were  observed.  In  these  cases,  the  size 
was  similar  to  the  droplets  formed  by  SD  and  the  lack  of  printing  is 
probably  caused  by  an  imprecise  impact  of  the  droplets  on  the 
substrate  or  a  defective  droplet  formation  at  the  nozzle.  Other 
small  defects  with  irregular  shapes  were  also  observed  in  the  CP 
(see  red  (in  the  web  version)  circles  in  Fig.  4b)  and  are  attributed  to 
the  presence  of  imperfections  at  the  substrate  surface,  which  may 
impair  the  settling  of  the  particles  after  printing.  A  closer  look  at 
the  circular  flaw  after  sintering  at  1300  °C  for  6  h  is  shown  in  Fig.  4c. 
In  this  figure  the  bright  area  corresponds  to  the  slightly  porous 
surface  of  the  substrate  and  red  (in  the  web  version)  lines  are 


superimposed  to  highlight  the  edges  of  the  defect.  Presence  of 
porosity  around  the  edge  could  be  observed,  suggesting  an  exces¬ 
sive  dilution  of  the  ink  at  the  boundary  between  the  drops.  On  the 
other  hand,  all  the  covered  areas  showed  homogeneity  and  a  high 
degree  of  packing  of  the  particles  which  led  to  densification  of  the 
layer  after  sintering  at  1300  °C.  It  is  also  worth  noticing  that  no 
coffee-stain  rings  or  other  particle  agglomeration  effects  were 
detected  in  the  samples.  This  observation  confirms  the  suitable 
printing  characteristics  of  the  developed  inks.  However,  the  pres¬ 
ence  of  the  several  defects  detected  at  the  CP  single  layer  highlights 
the  need  for  using  a  multiple-printing  approach  to  fabricate  a  gas- 
tight  electrolyte  with  the  present  printing  technology.  Fig.  4d 
shows  a  typical  SEM  image  of  the  2-layer  deposition  by  the 
3.7  vol.%  ink  after  sintering  at  1300  °C  for  6  h.  Particularly,  the 
picture  shows  the  filling-in  of  a  small  defect  in  the  first  layer  by  the 
second  print-pass.  The  particles  in  the  flaws  exhibited  sintering 
with  presence  of  residual  porosity.  This  effect  can  possibly  be 
attributed  to  an  excessive  dilution  on  the  solid,  where  the  low 
concentrations  of  the  material  can  only  partially  cover  the  defect. 
This  effect  generated  porosity  and  resulted  in  a  discontinuous  layer. 
Increasing  the  number  of  print-passes  (depositions)  should  mini¬ 
mize  this  issue. 

Fig.  5a-e  shows  SEM  images  of  the  printed  electrolyte  using  the 
3.7  vol.%  ink  exposed  to  various  sintering  profiles.  Fig.  5a-c  shows 
the  particles  sintered  at  1000  °C,  1150  °C  and  1300  °C  for  6  min.  The 
short  dwelling  time  used  made  it  possible  to  follow  the  evolution  of 
the  microstructure  primarily  as  function  of  the  temperature.  Fig.  5a 
shows  that,  at  1000  °C,  the  YSZ  particles  in  the  deposit  are  of  a 
round  shape  and  with  a  homogenous  size  of  ca.  100  nm.  The 
packing  is  rather  high  with  no  agglomeration.  However,  large  voids 
among  the  particles,  probably  formed  during  the  ink  drying  pro¬ 
cess,  were  observed.  Fig.  5b  shows  that  at  1150  °C  the  YSZ  particles 
are  connected  by  the  typical  necking,  indicating  an  incipient  sin¬ 
tering  at  the  layer  with  formation  of  small  and  larger  porosity 
(below  1  pm),  where  the  latter  probably  was  due  to  the  voids  as 
shown  in  Fig.  5a.  The  result  after  sintering  at  1300  °C  is  shown  in 


Fig.  5.  SEM  observations  of  the  YSZ  printings  by  the  3.7  vol.%  ink.  (a)  continuous  printing  sintered  at  1000  °C  for  6  min,  (b)  1150  °C  for  6  min,  (c)  1300  °C  for  6  min,  and  the  cross- 
section  pictures  of  the  half  cells  made  by  of  (d)  2-layer  and  (e)  5-layer  depositions  after  sintering  at  1300  °C  for  6  h. 


94 


V.  Esposito  et  al.  /  Journal  of  Power  Sources  273  (2015)  89-95 


Table  2 

Leak  test  results  and  thickness  measurements  of  2-layer  and  5-layer  electrolyte  half 
cells. 


Sample  Number 

Sintering  Reference 

Measured 

Electrolyte 

of  printed  conditions  pressure 

pressure 

thickness 

layers 

slope  (mbar  s 

_1)  slope  (mbar  s 

_1)  (fim) 

2-Layer  2 

1300  °C/6  h  0.46 

0.46 

0.6 

5-Layer  5 

1300  °C/6  h  0.46 

0.08 

1.2 

Fig.  5c.  The  figure  clearly  shows  that  the  treatment  led  to  a  full 
densification  and  grain  growth.  The  original  particle  grew  to  the 
micrometer  range  and  the  resulting  layer  was  rather  dense  with 
annihilation  of  all  the  porosity,  including  the  voids  in  Fig.  5b. 

In  conclusion  the  3.7  vol.%  ink  is  proven  to  be  suitable  for  the 
formation  of  continuous  YSZ  layers  and  a  sintering  temperature 
around  1300  °C  can  be  used  for  the  densification.  However,  as 
discussed  above,  printing  defects  suggest  that  multiple  printing 
with  more  than  2-layers  should  be  used  to  avoid  pinholes  in  large- 
area  cells.  Fig.  5d  and  e  shows  the  cross-section  at  the  half  cells, 
after  sintering  at  1300  °C  for  6  h,  for  2-layer  and  5-layer  depositions 
using  the  3.7  vol.%  ink.  Both  the  layers  resulted  dense  and  ho¬ 
mogenous  and  typical  thickness  of  app.  0.6  pm  and  1.2  pm  were 
estimated  for  the  2-layer  and  the  5-layer  samples,  respectively.  The 
relation  between  the  thickness  and  number  of  depositions/print- 
passes  was  found  to  be  non-linear  and  this  was  attributed  to  het¬ 
erogeneous  roughness  of  the  substrate  surface  and  to  the  lack  of 
deposition  of  the  continuous  printing. 

To  further  characterize  the  tightness  of  the  printed  layers  leak 
tests  were  carried  out  with  the  sintered  5x5  cm2  half  cells.  Table  2 
shows  that  leak  test  performed  on  the  2-layer  electrolyte  exhibits  a 
measured  pressure  slope  value  similar  to  the  reference  pressure 
slope,  indicating  insufficient  electrolyte  gas  tightness.  The  pressure 
slope  measured  with  the  5-layer  electrolyte  was  very  low 
compared  to  the  reference  (sheet  of  steel),  indicating  a  high  tight¬ 
ness  of  the  electrolyte. 

3.3.  Cell  performance 

Two  SOFCs  with  a  2-layer  and  a  5-layer  electrolyte,  respectively, 
were  manufactured  with  a  4  x  4  cm2  active  area  (defined  by  the 
cathode)  as  described  in  the  Experimental  section.  The  cell 
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Fig.  6.  Observed  open  circuit  cell  voltage  (open  circles)  and  calculated  total  leak  cur¬ 
rent  density  (according  to  Rasmussen  et  al.,  filled  triangles)  of  5-layer  electrolyte  SOFC 
operates  with  dry  hydrogen  supplied  as  the  fuel  at  the  indicated  flow  rates  and  air  as 
the  oxidant.  The  dotted  horizontal  line  represents  the  average  leak  current  density 
(0.044  A  cm  2),  calculated  using  the  active  area  of  the  cell  (=16  cm2). 


Fig.  7.  Polarization  curves  recorded  for  the  5-layer  electrolyte  SOFC  (active 
area  =  16  cm2)  which  was  tested  with  a  composite  LSM-YSZ  cathode  and  an  LSM 
current  collection  layer.  The  fuel  was  96%  H2  and  4%  H20  supplied  at  a  total  flow  rate  of 
26  ml  min-1  cm  2.  The  lower  voltage  limit  was  set  to  0.6  V  and  the  maximum  current 
limit  to  2.5  A  cm  2  (40  A). 


produced  with  the  2-layer  electrolyte  was  not  leak  tight  and  open 
circuit  voltages  of  less  than  0.7  V  were  observed  in  dilute  (9%) 
hydrogen.  Moreover,  the  electrolyte  gas  tightness  decreased  rapidly 
during  the  test,  most  likely  due  to  re-oxidation  of  the  Ni-cermet 
anode.  This  is  in  agreement  with  the  ex-situ  leak  testing  that  was 
carried  out  and  reported  in  the  previous  section.  The  cell  with  the 
5-layer  electrolyte  was  significantly  more  leak  tight.  Open  circuit 
cell  voltages  in  the  range  1.07-1.15  V  were  observed  in  dry 
hydrogen  fuel  at  flow  rates  in  the  range  6.7-31.7  ml  min-1  cm”2,  as 
can  be  seen  in  Fig.  6.  The  leak  was  quantified  by  calculation  of  a  total 
leak  current,  a  measure  of  the  total  leak,  both  external  (e.g.  through 
seals  and  anode  support)  and  internal  (electrolyte  pinholes,  cracks), 
using  the  relations  derived  by  Rasmussen  et  al.  [32  .  No  systematic 
variation  of  the  leak  current  with  the  fuel  flow  was  observed, 
indicating  the  absence  of  large  cracks  or  holes  in  the  cell  or  the 
sealing  gasket  used  on  the  anode  side. 

Polarization  curves  were  recorded  at  operating  temperatures  in 
the  range  from  850  °C  down  to  650  °C  with  50  °C  increments.  Fig.  7 
shows  polarization  and  power  curves  for  the  5-layer  electrolyte 
SOFC.  At  750  °C  the  area  specific  secant  resistance  was  0.26  Q  cm2 
(0.21  Q  cm2  after  correction  for  fuel  utilization)  and  the  observed 
power  density  at  0.6  V  was  1.2  W  cm-2  [33]. 

The  theoretical  area  specific  resistance  contribution  from  a 
1.2  pm  thick  8YSZ  layer  is  0.004  Q  cm2  at  750  °C  based  on  bulk 
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Fig.  8.  Nyquist  plot  of  the  electrochemical  impedance  spectrum  recorded  with  the  5- 
layer  electrolyte  SOFC  at  750  °C  and  with  96%  H2  +  4%  H20  as  the  fuel  and  air  as  the 
oxidant.  The  impedance  data  was  collected  with  12  points  per  decade,  indicated  in  the 
figure  by  filled  symbols  (also  marked  with  the  logarithm  of  the  frequency),  starting  at 
96.9  kHz  (at  low  Zrea i  values).  The  dashed  gray  line  indicates  the  theoretical  resistance 
of  the  1.2  pm  thick  8YSZ  electrolyte  based  on  bulk  conduction  properties.  The  data  in 
the  plot  was  corrected  for  lead  inductance. 
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conductivity  data  for  8YSZ  [34].  An  ohmic  resistance  of  approxi¬ 
mately  0.05-0.06  Q  cm2  was  observed  at  750  °C  (see  Fig.  8).  This  is 
more  than  ten  times  greater  than  the  theoretical  resistance  ex¬ 
pected  from  the  electrolyte  layer  in  the  tested  cell,  but  on  the  other 
hand  a  quite  similar  offset  of  50-60  mQ  cm2  is  often  seen  and  has 
previously  been  reported  with  a  10  pm  thick  ink-jet  printed  YSZ 
electrolyte  [35  .  Additionally,  the  cathode  deposition  method  was 
reported  to  affect  the  series  resistance  [35  .  Explanations  to  the 
observed  high  series  resistance  could  be  limited  measurement 
range  (the  maximum  frequency  was  96.5  kHz).  Other  contributions 
to  the  observed  ohmic  resistance  could  be  imperfect  contacting  of 
the  electrolyte  by  the  cathode  layer,  current  constriction,  or  sec¬ 
ondary  phases  formed  at  the  interface  [36].  Significant  current 
collection  losses  are  deemed  unlikely  as  a  sufficiently  conducting 
current  collection  layer  was  used. 

The  ohmic  resistance  observed  in  electrochemical  impedance 
spectroscopy  can  be  assigned  to  the  electrolyte,  if  it  is  measured  to 
sufficiently  high  frequency,  and  assuming  that  there  are  no  addi¬ 
tional  contributions  to  the  ohmic  resistance  from  current  collection 
and  the  porous  composite  electrodes.  Sufficient  conductivity  in  the 
cathode  current  collection  layer  was  confirmed  by  in-plane  van  der 
Pauw  conductivity  measurements  [37  .  Even  though  the  observed 
ohmic  resistance  was  much  higher  than  the  theoretical  value,  most 
of  the  impedance  of  this  cell  is  related  to  the  electrodes,  and  by 
improving  the  electrodes  and  ensuring  a  better  contact  to  the 
electrolyte,  a  significant  reduction  in  both  ohmic  and  polarization 
resistance  can  be  expected.  This  highlights  the  potential  perfor¬ 
mance  gain  of  cells  with  thin  electrolyte,  and  further  supports  the 
feasibility  of  ink-jet  based  printing  techniques  for  production  of 
solid  oxide  cell  components. 

4.  Conclusions 

A  1.2  pm  SOFC  YSZ  electrolyte  was  successfully  fabricated  by 
inkjet  printing  using  a  low-cost  HP  Deskjet  1000  DoD  inkjet  printer 
and  an  optimized  3.7  vol.%  YSZ  colloidal  water-based  ink.  Missing 
droplets  and  imprecise  impact  on  the  anode  substrate  was 
observed  to  produce  areas  with  lack  of  deposition  when  printing 
single  layers.  Inks  with  high  dilution  and  nanometric  particles 
improve  printability  and  stability,  however  printing  of  multiple 
layers  seems  necessary  to  cover  the  defects  formed  during  single 
layer  printing.  2  layers  were  insufficient,  but  5  layers  resulted  in  a 
gas  tight  electrolyte.  Although  the  electrolyte  resistance  was  higher 
than  expected  from  calculations  using  known  bulk-electrolyte 
resistance,  an  SOFC  tested  with  the  electrolyte,  an  LSM/YSZ  cath¬ 
ode  and  a  Ni/YSZ  anode  produced  an  OCV  above  1.15  V  and  a  power 
peak  density  of  1.5  W  cm-2  at  800  °C. 
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